SUPPLEMENTARY RESULTS
efficient.) The substrates with fully compatible coding end overhangs yielded a disproportionate percentage of precise coding joints when polymerases mu, lambda, and TdT were not present. With the addition of these three polymerases, more deletion and addition were observed (Fig. 4A) , similar to what is seen in vivo.
The substrates sharing 3 bp of homology have 1 nt gaps on the top and bottom strands, and these gaps are filled by pol mu or pol lambda in the most abundant coding joints generated in this system. The remainder of the products showed short deletions and additions (Fig. 4B ). P nucleotides were found in 29% of the sequences, mostly 1 or 2 nt long, with one case of 4 nt P nucleotides. The 2 bp and 1 bp homology substrates yielded coding joints with higher diversity, as expected (Fig. 4C & D) . P nucleotides were present in 26% of coding joints from the 2 bp microhomology substrate, and 67% of the coding joints for the 1 bp microhomology substrate. For the 1 bp substrate, one coding joint has 5 bp P nucleotides from the 12-coding end.
SUPPLEMENTARY DISCUSSION

Limitations of the Biochemically Defined System
In any type of PCR detection, one cannot determine the precise nature of the junctions at the time of the PCR. For example, one strand might be ligated rather than both. An unligated strand might include any of a number of configurations (gaps or flaps, for example).
We add XRCC4:DNA ligase IV after an initial 20 min incubation of all of the other proteins with the recombination substrates. The ligase complex is relatively quickly inactivated at 37°C, and therefore, there is no point to add it prior to any RAG cleavage events, and this is the reason for waiting 20 min. We add the ligase complex two subsequent times over a 2 hr incubation to permit increased ligation.
We have discussed the issue of Ku-and XLF-independence in the main text. is a purified PCR fragment from plasmid pHL-4 and pHL-6, both of which derived from plasmid pC139 (Sheehan and Lieber, 1993) , with the 12-coding end last two base pairs changed from "AC" to "CC". pHL-6 was mutated 2 bp on each coding end to create two XhoI site, and the mutagenesis primer sequences are available upon request. The PCR primers used to amplify the substrates from the 
SUPPLEMENTARY METHODS
Oligonucleotides
Test for Coding End Exchange
The V(D)J recombination assay to test for exchange of the coding ends (Suppl. MBP tagged core RAG1 and core RAG2 were coexpressed in 293T cells and purified using more stringent conditions with 500 mM NaCl, where Ku association is not detectable. V(D)J recombination assays were carried out using the MBP tagged core RAG complex, in the same way as described in Supplementary For the duplicate exchange reactions, the two different substrates were kept separate during synapsis and cleavage, and after gentle mixing, ligation was initiated by addition of DNA ligase IV:XRCC4. Coding joint 1-1 is completely resistant to XhoI digestion (lanes 2 vs 8), whereas coding joint 2-2 is entirely digested (lanes 4 vs 10). Because coding joint formation from substrate 1 seems to be more efficient than substrate 2 (lanes 1 vs 2), the expected coding joint 1-1 would be at least 50% if there were coding joint retention. However, in the exchange reactions, the XhoI-resistant coding joint 1-1 is much less than 50% 
